(SC)Jluid technology in bin-andfood chemistry are reviewed. The gas-antisolvent crystallization and rapid expansion of SC&id emerge as attractive methods for micron-size particle formation. Also gainingground is enzymic catalysis in SC CO,, which offers the possibility of integrated synthesis-product recovery processes. These processes, successfully tested on a lahoratoly scale, need further scale-up and optimization. Supercritical CO, has proven to be unfriendly, or even toxic, for living microorgcmisms, which precludes direct fermentation in dense CO, but does not rule out other useful applications.
INTRODUCTION
The growing interest in supercritical (SC) fluid technology results from the attractive possibilities offered by this technique: processing at moderate, usually ambient temperatures, use of non-toxic, non-flammable and environmentally acceptable solvents (usually pressurized CO,), easy change of the solvent power (not possible with conventional organics). Supercritical fluids, i.e. fluids at temperatures and pressures slightly above the critical points (e.g. 31 "C and 7.38 MPa for CO,), exhibit unique combined properties: liquid-like density (and hence solvent power) and high compressibility, very low viscosity and high diffusivity. The first two properties make the solvent power of SC fluids easily controllable by changing pressure and/or temperature, while low viscosity and high diffusivity markedly enhance mass transport phenomena and hence kinetics of a process.
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These properties were discovered more than a century ago by Hannay and Hogarth,' yet it was not until 1940 that PiIat and Godlewicz2 proposed their use in a modern industry. To date, several large-scale industrial processes employ SC CO2 extraction to produce caffeine-free coffee, extracts of hops and other plant materials. A detailed description of these processes is given in topical textbooks and review articles. [3] [4] [5] [6] [7] [8] A number of novel and promising applications of SC fluids to bioprocessing have recently been devised. The aim of the present paper is to review these applications and to disseminate information on new prospects among the biochemical community.
BIOCATALYSIS IN A SUPERCRITICAL FLUID ENVIRONMENT

Enzymic reactions
The use of enzymes as catalysts in non-aqueous media has been described in the scientific litera-344 Andrzej B. Jarzqbski, Janusz J. Malinowski ture since the beginning of the 1980s9 Organic media offer certain advantages over aqueous media: stabilization of enzymes, dissolution of hydrophobic compounds and the feasibility of shifting thermodynamic equilibrium towards the synthesis of esters and amides (e.g. in the case of hydrolytic enzymes).
Certain SC fluids, such as CO,, may prove an interesting alternative inasmuch as SC CO, exhibits properties similar to organic solvents and the solvent power, dependent on the specific density (and hence easily controllable by regulation of pressure and temperature), may be advantageously used in the recovery of products. This opens the way for an integrated productionproduct recovery process. The use of a SC fluid as a medium for enzymic reaction was first proposed in the mid-1980s by Randolph et Not surprisingly, all studies published so far pointed out the strong influence of moisture on enzymic activity and reaction rates. Optimum water content in the support was estimated at 10% (w/w). irrespective of operating conditions,"" but this value may be contested in view of other reports.' To prevent dehydration of the enzyme, the fluid in contact with the protein must contain water. The most hydrophilic hydrocarbons (e.g. hexane) dissolve 0.0 1% water but SC CO, may dissolve as much as 0.3-0.35%
water. However, it is not the solubility of water itself but the partition of water between enzymic support and the solvent (SC CO,) which matters. Van Eijs et a1.2' analysed the equilibrium moisture content of commerical lipase as a function of moisture content of SC CO, and found, that to maintain 8% water content on the support, SC CO, should contain 0.3% water at 10 MPa and 60°C. Marty et ~1.~" carried out an extensive analysis of the partition of water between the enzymic suport and SC CO, as a function of pressure and temperature. They found that increasing temperature had a negative effect on the adsorption of water to the support (as could bc expected) but that increasing pressure also had a negative effect. This is the reverse of the results obtained for gas adsorption, which suggests that the solvation effect predominates over the vapour pressure effect. The same authors also extensively studied the influence of ethanol (entrainer) content of SC COZ and found that ethanol has a strong 'drying' effect on the enzymic support: indeed, the more hydrophilic the fluid, the more pronounced the dehydration of the enzyme. Increasing water content, above an optimum level, adversely affects the overall performance. This appears to be related to hydrophilic hindrance for the hydrophobic substrate on its way to the active sites on the enzyme, and eventually makes the thermodynamic equilibrium less favourable.7
Clearly, water equilibrium between the fluid and the support is specific to each system and should be determined on a case-by-case basis.
The same applies to the water content in a system designed to give high production/conversion rates. In these cases in addition, the substrates should also be taken into account.
Pe$ormance characteristics Performance characteristics, specific rates of conversion and yield factors are essential for rating any technological process. On the whole, enzymic reactions in SC CO, proceed at rates similar to those in organic solvents such as nhexane 18.20 and cyclohexane. '-i Selected data on the performance achieved are given in Table 1 .
As well as ensuring similar rates of processing and enzyme stability, SC technology offers important advantages over organic solvent technology, such as ecological friendliness and product fractionation, which can easily be linked with direct micronization and crystallization from SC CO, by fluid expansion (see section on particle formation by expansion of SC fluids). In addition, CO, does not usually oxidize substrates and products, allowing the process to be operated at only 40°C. All this may be carried out at the price of higher capital investment. In fact, the cost of high-pressure equipment may be the crucial factor in the overall economic analysis. Aaltonen and Rantakyla' outlined an elementary economic evaluation procedure for a supercritical enzymic (specialty) chemical production process, and estimated production costs of the order of 70 USS per kg of product for plant capacity of 5000 kg/ year.
Whole cells in dense CO,
Supercritical fluids may bc attractive for use as solvents to extract compounds such as ethanol23 or carboxylic acidsZ4 from fermentation broths, but little information is available on the possibility of carrying out fermentations under high-pressure conditions.
The possibility of recovering ethanol in situ by circulating SC CO? continuously through the fermenter, like an organic solvent in an extractive fermentation, has been examined recently.'5-26 L'Italien et aLzh studied the effects of near-critical CO? (30°C 7 MPa) on ethanol productivity for three different yeasts: .Taccharomyces rouxii and Saccharomyces cerevisiae ATCC 24702 (known  osmotolerants) and a third isolated from a commercial baker's yeast preparation. Their results showed that pressure has a significant inhibiting effect on the production of ethanol.
AndnejB. Jarzqbski, Janusz J. Malinowski Volumetric productivity dropped from the 29.7 g litre-i h-i under atmopsheric conditions to 2-4 g litre-i
h-* fo r pressurized fermentation. No advantage was seen in using osmotolerant yeast strains. The pressure effect on the cells' ability to produce ethanol was reversible.25,2" After short periods of exposure to near-critical conditions (3-6 h) yeast culture resumed its normal activity in atmospheric conditions. Longer periods of exposure resulted in adaptation periods of up to 36 h. LItalien et aLzh concluded that cyclic fermentation (up to 10 pressurization-depressurization cycles) might be advantageous.
Van Eijs et a1.27-2x reported on the effect of a dense CO, environment on Lactobacillus planarurn, Escherichiu coli and Candida albicans. Their results demonstrate that four possible mechanisms may be responsible for cell damage due to high-pressure CO,:
( 1) extraction of essential compounds; (2) cell bursting; (3) acidification of the medium; (4) toxicity of carbon dioxide. The decompression step in particular should be done slowly ( < 6 MPa h-l) to avoid viability losses. Exposure of Lactobacillus to supercritical conditions (15 MPa, 35°C) for 3 h resulted in increase of survival rate from 1% in an unbuffered system to 60% in a buffered system. These observations were qualitatively confirmed for Candida utilis ATCC 9950.29 The resistance to high-pressure CO, was found to be a function of the culture age. A maximum survival rate of C. utilis in CO, (27°C 8-16 MPa) was noted for bacterial cells previously stored for 40-60 h at 4°C. One of the explanations of this observation is the production of a substance protecting the cell membrane from damage.
On the basis of the limited data available on biocatalysis by whole cells in SC CO,, it may be concluded that the supercritical fluid environment is inimical to living microorganisms, making doubtful a broad application of such a bioprocessing concept beyond small-scale laboratory studies.
ULTRAFINE
PARTICLE FORMATION USING A SC FLUID TECHNOLOGY Micro-and submicrometre particles and ultrafine powders are increasingly in demand because they can be injected (subcutaneously or intramuscularly) or administered orally, provided they are < 50 pm in diameter; submicrometre particles can be injected directly into systemic circulation.30 Traditional methods for the production of particles"' include: spray drying (products in the range of 5 pm exposed to high temperature); milling (lo-50 pm, broad size distribution); fluidjet milling/comminution (I-10 pm, broad size distribution, particles electrostatically charged); lyophilization (microparticles, broad size distribution); precipitation from solutions using miscible organic antisolvents (particle size difficult to control, necessary to remove organic antisolvent). However, many compounds are extremely unstable under conventional milling conditions, which triggered a search for effective alternative methods of size reduction.
Methods of size reduction capable of yielding very small particles and a narrow size distribution and devoid of certain drawbacks of conventional techniques are: rapid expansion of supercritical solutions (RESS); gas antisolvent crystallization (GAS). Both methods, developed in the 1980s make use of the unique properties of supercritical fluids.
Rapid expansion of supercritical solutions (R=S)
Krukonis32 first reported the use of rapid expansion of supercritical solutions to produce powders of a wide variety of materials, including organic catalysts, dyes, polymers and pharmaceutical intermediates.
The phenomenon behind the process is the large and rapid change of solute supersaturation ratio through rapid expansion of the compressed solution, which inevitably leads to precipitation of particles. The combination of a rapidly propagating mechanical perturbation (decompression) with high supersaturation gave small particles with a narrow size distribution: the former is responsible for uniform conditions of nucleation (and hence for a narrow size distribution), the latter for small particle size.30
Several groups have reported on the use of RESS to obtain micro-and ultrafine particles of compounds of pharmaceutical interest. Larson and King33 obtained lo-50 ym particles of mevinolin (an anticholesterol drug) from the expansion of SC CO, with 3% methanol. Loth and Hemgesberg3" compared Phenacetin (an analgesic) obtained using RESS (CO, and trifluoromethane) with jet-milled powders. The products obtained from RESS had greater surface areas.
Chang and Randolph3' examined dissolution and precipitation of p-carotene from SC CO,, SC ethylene and SC ethene with toluene as promoter. The process generated a narrow particle size distribution of submicron-sized particles (mean size 0.3 pm), especially when decompression occurred in a single phase in the expansion orifice. X-ray diffraction analyses confirmed that pcarotene precipitates obtained from ethylene and ethane expansions had the feed material crystallinity. SC CO, was found to react with B-carotene to produce P-carotene-related epoxide compounds.
More recently, Tom and Debenedetti30,36 have demonstrated that the polyhydroxy acids poly(~-lactic acid) (L-PLA ), poly(~, L-lactic acid) (D, L-PLA ) and poly( glycolic acid) (PGA ) (biocompatible and biodegradable polymers investigated for controlled delivery of pharmaceuticals) can be precipitated from SC CO, and a SC CO,-acetone mixture to form microparticles and microspheres in the ranges 4-25 pm (L-PLA), lo-25 pm (D, L-PLA ) and lo-40 pm (PGA ). The production of unloaded polymer microparticles and microspheres was considered by these authors to be only the first step towards developing, in a single processing step, drugloaded polymer microspheres for controlled release. This was accomplished recently;l' a poly(~, L-lactic acid) and a pharmaceutical (lovastatin) were dissolved in SC CO, and coprecipitated by RESS to form polymer-drug microspheres and microparticles ranging in size from 10 to 100 pm. Variations in the concentration of lovastatin in the precipitate correlated with changes in the precipitate's morphology, ranging from continuous drug-polymer networks to microparticles and microspheres.
To summarize, the method of rapid expansion of supercritical solutions appears to give fine particles with a narrow size distribution. Other advantages of RESS are low temperature operation (with CO,), elimination of organic solvents and a single-step processing, even for fabrication of complex polymer-drug microspheres. However, the method is restricted only to compounds which can be effectively dissolved in supercritical solvents (preferably CO,), and solubility may be a critical factor in determining the economics of the process of comminution.
Gas-antisolvent crystallization (GAS)
To commin ute solids that are insoluble in supercritical fluids or sensitive to mechanical handling Gallagher et al. 38 proposed a technique in which a supercritical fluid is used as an antisolvent causing recrystallization of solids (GAS). The solids are dissolved in a liquid and a supercritical fluid with a poor ability to dissolve solids but a fair power of dissolving in the liquid is added, creating a pronounced volume expansion and hence supersaturation. This leads to precipitation.
In this method a supercritical fluid forces other solutes Andrzej R. .Jarzqbski, Janusz J. Malinowski out of solution. To date, the method is considered suitable to produce fine particles, particularly fine powders of proteins and polypeptides."7 Chang et al."" used the GAS process to separate and purify p-carotene from a mixture containing carotene oxidation products. Total /?-carotene was successfully separated from oxides, and an enriched trans-p-carotene was obtained from its &-isomers.
The authors claim that this method can readily be adapted for industrial application, in both batch and continuous modes of operation. According to Chang et al.'" the main advantages of the method are rapid crystallization, low oxygen exposure and ambient processing temperatures. Moreover, by selecting a solvent that has high solubility for one component and lower solubility for the second, separation of multiple compounds can be achieved by selectively recrystallizing the solids, Tom et a1."7 applied GAS expansion of dimethylsulphoxidc and Ai,N-dimethylformamide solutions with SC CO, to obtain biologically active insulin powders. Powders with 90% of particles smaller than 4 pm and 10% smaller than 1 pm were obtained in a continuous process. In viva tests on rats showed that the biological activity of processed and unprocessed insulin was the same. The slow CO, injection rate, and consequently slow solution expansion, favoured the growth of larger particles, which suggests that the rate of expansion may be used to control particle size.
Yeo et aL3' have reported on the use of GAS expansion of bovine liver catalase or bovine insulin solutions in a 90% ethanol/ 10% deionized water system to produce micron-sized particles showing little variation in size. In these experiments the liquid catalase and insulin solutions and SC co, (35°C) were pumped cocurrently into the crystallizer at 9 MPa. The catalase and insulin solutions were introduced into the crystallizer through a 20-pm nozzle. which resulted in the formation of small droplets contacted with a large excess of SC CO,. This caused both expansion and rapid evaporation of the liquids, leading ultimately to precipitation of fine particles.
SUPERCRITICAL FLUID EXTRACTION AND OTHER APPLICATIONS
Many examples of applications of supercritical fluid extraction are found in the extraction and separation of valuable constituents from natural materials, especially in the food and pharmaceutical industries. The use of CO, has advantages over other gaseous or liquid solvents because it introduces no health hazards and processing is carried out at ambient temperatures. A survey of recently published papers on the use of compressed gases in bioprocess related areas is presented below.
Steroids, a class of compounds with various biological applications, are soluble in SC CO,, sterols with the least number of hydroxyl and carboxyl functional groups having the highest solubilities.
Examples are ergosterol and stigmasterol, each containing only one hydroxyl group. Although the solubilities of sterols in pure CO, are relatively low, small concentrations of certain polar cosolvents can increase the solubilities of particular sterols by one or two orders of magnitude, particularly if hydrogen bonds are formed."" Kosal et aL3' reported on the solubility of progesterone, testosterone and cholesterol in SC CO, with or without N,O cosolvent over a pressure range 8-25 MPa at 35-60°C. The addition of 10% (vol.) N,O into CO, increased the solubilities of these steroids by one order of magnitude, with larger effects occurring at higher pressures.
Examinations of the solubility of steroid mixtures in SC CO, indicate a potential for utilizing dense CO2 in the separation of these mixtures at about 35°C. Moreover, an increase in selectivity with decrease in pressure makes the use of pressure reduction a reasonable process for separation.
Peter et aLJ' presented the continuous process of separation of lecithin and soya oil in a countercurrent column by near-critical fluid extraction. A mixture of CO? with deodorized propane lowered the pressure required to 8 MPa. A cost estimation showed that lecithin production is more economical by mar-critical fluid extraction than by conventional liquid extraction using acetone as an extractant. Stahl and Quirin4" described oil-free lecithin production by high-pressure jet extraction with SC CO,; powdered lecithin of high quality was obtained in a single raffination step from the crude starting material (raw lecithin, an oily product containing roughly 60% by weight lecithin).
Demand has recently risen for new dairy products such as convenient spreadable butter, cholesterol-reduced products, and milk fat enriched in short-and medium-chain fatty acids.
Studies on reducing the cholesterol content of animal fats and the extraction of lipids are in progress. The possibility of the application of SC fluid extraction in these fields has been extensively explored.44-4" Most of the research published dealt with the effect of the SC gas environment on solubility, composition distribution and selectivity (the parameters essential for process design).
Milk fat is a complex mixture of glycerides of 14 major fatty acids. The wide temperature melting range of milk fat and high contents of saturated fatty acids (roughly 60% of the total) limit its utility in many modern food formulations; hence there is an interest in economical fractionation of milk fat into oil and plastic fat fractions. Yu et ~1.~~ studied the behaviour of anhydrous milk fat in SC CO, and found that substantial quantities of low-melting triglycerides and short-chain fatty acids can be separated at 31 MPa and 40°C. The optimum selectivity of SC CO, for cholesterol over triglycerides was obtained between 8 and 12 MPa at 40°C and 60°C.
The extensive study by Hammam46 on solubility of pure saturated triglycerides with acyl chain lengths of 12-36 carbons in SC CO, provides fundamental data of importance for fractionation of complex lipids. At 40°C the solubility of large triglycerides with 30 or more acyl carbons was found to increase with increasing pressure and decreasing molecular weight of triglycerides; for the shorter ones only a small solubility difference was observed in the pressure range 15-30 MPa. Moreover, being a non-polar solvent, SC CO, can be used to separate complex mixtures of polar lipids (almost insoluble in CO,) from soluble lipids such as triglycerides. For example gluten lipids have been successfully fractionated into polar and non-polar fractions.$H Supercritical CO, extraction was used to remove lipids from freeze-dried egg yolk,4" the efficiency of removal achieved (about 70%) being increased significantly (to more than 80%) by the addition of methanol or ethanol entrainers (3-5%). Some 70% of the cholesterol was removed in conjunction with the major triglyccride fraction.
One of the most interesting recent applications of SC fractionation technology refers to the separation of the w-3 polyunsaturated fatty acids, notably eicosapentaenoic acid (EPA ) and decosahexaenoic acid (DHA), which are purported to have beneficial physiological activity, from a mix- with or without 10% ethanol to extract polyunsaturated fatty acids from the fungus Saprolegnia parasitica, which contains a sizeable portion of EPA in the polar fraction of the lipids. The largest recovery of lipids (roughly 90%) was obtained at 60°C and 35 MPa when a CO,-ethanol mixture was used. Supercritical fluid extraction has already found acceptance in the pharmaceutical industry. Schaeffer et al."" successfully extracted a hepatotoxic pyrrolizidine alkaloid of chemotherapeutic interest, monocrotaline, from the seeds of Crotalaria spectobilis using SC CO,-ethanol mixtures. A two-stage process employing a cation exchange resin in series with an SC extraction step yielded monocrotaline with purities greater than 95% by mass without any pressure change, thus eliminating a major economic disadvantage of SC fluid extraction. This technology also provides a potential route for bulk production of clinically important indole alkaloids, particularly vindoline and catharanthine, from the leaves of Catharanthus roseuc F-1,55 or to separate high-purity indole, a feeds&k for tryptophan, from coal tar oil.Th It has also proved effective in separating ergot alkaloids using SC CO, at 25 MPa and 60 C.' 7 Recently, Jennings et aLTSX performed the extraction of taxol, the first of a new class of antitumour compounds, from Tuxus brevifolia bark using SC CO, with or without ethanol. The extraction of taxol with dense CO> was more selective than conventional liquid ethanol extraction. A significant portion of the taxol present in the bark was removed in the process. This is particularly important because taxol occurs in small amounts (So-100 mg kg-' bark) in the bark of the slow-growing tree and a considerable quantity of the bark must be pro- in the presence of /%glucuronidase the length of time for maximum cell rupture was reduced to 90 min. The functional properties of proteins were well preserved in the process, as indicated by the activities of alcohol dehydrogenase, invertase, glucose-6-phosphate dehydrogenase and fumarase in the ruptured cell suspension. Moreover, the activities of these enzymes were enhanced under high-pressure CO, compared with ambient pressure, which corresponded to enzymic lysis with /I-glucuronidase.
The volatile off-flavour compounds were removed when CO* was released. The fact that pressurized CO2 can prevent the deactivation of the released enzymes in the presence of crude preparations of cell lytic enzymes may reduce the cost of protein isolation from single cells.
The most recent paper from the same group63 demonstrates that CO, can also be used for sterilization of bioactive products for food and medicine. The pressure necessary for this process is usually below 21 MPa. The results of inactivation of Saccharomyces cerevisiae showed that a maximum of 15 min, depending on the pressure, was sufficient to inactivate yeast cells by 107-fold under supercritical conditions. Sterilization effects of CO, were further enhanced by the presence of a trace amount of sulphur dioxide (30 ppm in COZ) as an entrainer.
CONCLUSIONS
The sensitivity of many food and therapeutic compounds to heat, oxidation and mechanical shock on the one hand, and the growing drive to eliminate organic solvents from food and drug technologies on the other, render supercritical fluid technologies attractive alternatives to the pertinent conventional methods used to date.
The survey presented here clearly shows that both the rapid expansion of SC fluids and GAS methods have great potentials for application in the pharmaceutical industry, especially for micron-sized particle formation. Experiments performed so far, however, were typically made in small-scale laboratory units and hence further scale-up and process optimization tests need to be carried out to reach mature industrial processes. The idea of replacing organic solvents by SC CO, in enzymatically catalysed synthesis in non-aqueous media is gradually gaining ground, and the major hurdle to overcome is not a matter of engineering but of process optimization (including enzyme long-run stability) and economics. The same seems true for extraction and separation of bioactive compounds and all purification processes employing SC fluids.
